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ABSTRACT
This study examined changes in specific gravity, modulus of
rupture, and modulus of elasticity with age for a natural stand and
two plantations. It also examined differences in wood properties
among the three stands and the effects of important variables on,
and their interactions with, wood properties. Wood property data
were obtained from microbending specimens selected at breast
height from five trees in each stand.
The mature period for specific gravity and modulus of rupture
began at an average age of 39 years; for modulus of elasticity it
began at age 40. Compared to juvenile wood properties, average
mature wood values were 22% greater for specific gravity, 68%
greater for modulus of rupture, and 90% greater for modulus of
elasticity. Mean wood property values for both the juvenile and
mature periods in the two plantations were generally equal to or
greater than those for the natural stand.
None of the variables examined significantly affected all wood
properties during both the juvenile and mature periods. Differences
among stands occurred with the greatest frequency during the
juvenile period, and age significantly affected all properties during
the juvenile period. Significant differences among individual trees
occurred only for modulus of rupture and modulus of elasticity
values during the juvenile period.
INTRODUCTION
Red pine (Pinus resinosa Ait.) has been planted extensively in
the Lake States and the northeastern U.S. It occupies more than 1
million acres in Michigan, Wisconsin, and Minnesota; much of this
acreage is plantations (Barse and Laidly 1980). It also occupies a
large acreage in New York State (Cody 1972). In Maine, red pine is
one of the conifers chosen for planting following the harvesting of
low-grade hardwood stands, where the management objective is site
conversion from hardwoods to conifers. As the rate of this site
conversion increases, the acreage planted to red pine may also
increase. The wood harvested from many red pine plantations will
be used primarily for pulp, but some will be used for structural
lumber and possibly for poles and pilings. Red pine also occurs in
natural stands, primarily on outwash soils and the more droughty
till soils. The wood from natural stands is also used primarily for
pulp and structural lumber, with some being used for poles and
pilings. Because many plantations will be harvested at a relatively
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young age, and because some may be commercially thinned, a
knowledge of the relationship between wood properties and age for
red pine is essential. This information is also necessary to ascertain
the suitability of wood from natural stands for a variety of potential
uses.
Considerable work has been done on the specific gravity of red
pine (Baker 1967; Baker 1969; Barse and Laidly 1980; Cody 1972;
Gilmore 1968; Jayne 1958; Kraemer 1950; Maeglin 1966; Perkins
and Walz 1970). Much of this work was on plantation-grown wood
and emphasized either possible planting density or geographic
effects on specific gravity. Baker (1967,1969), working in a red pine
plantation in Maine, and Barse and Laidly (1980), in a red pine
plantation in Wisconsin, found that specific gravity of the two
plantations differed by only 0.01. They also found that specific
gravity was not significantly affected by initial spacing, although it
was slightly greater at the closest spacing in each plantation.
The relationship between specific gravity, modulus of rupture,
and modulus of elasticity and rings per inch was studied by Kraemer
(1950). He found that wood property values increased as ring width
decreased. Age was not included in his analyses, however, and the
correlation he observed between wood properties and ring width
was probably largely a correlation between wood properties and
age, for in the unthinned stands from which he obtained his study
material, ring width presumably decreased as age increased.
Perkins and Walz (1970) studied specific gravity and a variety
of physical and mechanical properties of two red pine plantations
from Indiana and a natural red pine stand from Wisconsin. They
found that the properties of wood from the natural stand were
generally superior to those of wood from the plantations. They
compared wood properties of the Indiana plantations with published values from red pine plantations in Connecticut and found
them to be similar.
The length of the juvenile period is an important characteristic
of every species because wood produced during the juvenile period
is less suited for most uses than mature wood. Juvenile wood has
lower density, is weaker, and is more prone to longitudinal shrinkage than mature wood. As rotations become shorter, the proportion
of the bole that is juvenile wood will increase. Bendtsen and Senft
(1986) found a juvenile period of 13 years for specific gravity,
modulus of rupture, and modulus of elasticity in loblolly pine. Zobel
(1976) reported a juvenile period for specific gravity of 5 to 8 years
in slash pine, but Saucier (1989) reported that the juvenile periods
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of slash and loblolly pine range from about 6 to 14 years, are a
function of geographic region, and are similar for the two species at
a given location.
Northeastern conifers generally tend to have longer juvenile
periods than the southern pines. Wolcott et al. (1987) studied two
red spruce stands and found a juvenile period for specific gravity of
53 years in one stand and 72 years in the other, with the juvenile
periods for modulus of rupture and modulus of elasticity generally
being 12 to 20 years less than for specific gravity. Shepard (unpublished data) found that the juvenile periods for all three properties
in black spruce vary from 30 to 40 or more years, and in both Norway
and Sitka spruce, the juvenile period for specific gravity is at least
40 years (Petty et al. 1990). Jack pine has a juvenile period of
approximately 30 years for specific gravity (Keith 1988). The major
exceptions to the long juvenile periods of northern conifers appear
to be the larches, including tamarack, which have juvenile periods
of 10 to 20 years for specific gravity and mechanical properties
(Isebrands and Hunt 1975; Keith and Chauret 1988; Zhu 1991).
Results of the above studies indicate that wood growing under
shortened rotations may have properties that are less suitable for
most purposes than wood from older stands. The results also suggest
that the effects of shortened rotations may be more pronounced for
the majority of northern conifers than for the southern pines.
The purpose of the research reported here was to investigate
the relationships between three wood properties—specific gravity
(SG), modulus of rupture (MOR), and modulus of elasticity (MOE)—
and age, and the ranges that might occur among stands in the
number of years required to reach the mature period for each
property. Mean juvenile and mature wood values were compared
among the stands studied and the possible significance of a variety
of variables on wood properties was tested. Two plantations and a
natural stand, each growing under different site conditions, were
studied.

3
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PROCEDURE
Stand and Tree Selection
Three stands in central Maine were chosen for study: a natural
stand and two plantations. The plantations are approximately 1
mile apart, and the natural stand is approximately 30 miles from the
plantations. All stands experience a similar climate. The natural
stand is on a somewhat excessively drained, stony, fine sandy loam
soil. It is approximately 73 years old. Plantation 1 is on a somewhat
excessively drained, gravelly sandy loam, and Plantation 2 is on a
moderately well drained silt loam. Plantation 1 was established in
1922 and Plantation 2 in 1938, both at an initial spacing of 6 ft x 6
ft. Both plantations were thinned periodically, beginning at about
age 20. The natural stand was not thinned. When the study trees
were obtained, the natural stand had a basal area of 270 ftVac,
Plantation 1 had a basal area of 140 ftVac, and Plantation 2 had a
basal area of 125 ftVac.
Five dominant or codominant trees were selected from each
stand for determination of wood properties. All trees selected were
straight, with uniform crowns, and free from lean and visible
defects. The trees were felled and a 4- to 5-ft-long bolt, approximately centered at breast height (4.5 ft above ground level), was
removed from each tree. Dbh, total height, and height to the base of
the live crown were measured for all trees. The approximate age of
trees from the natural stand was determined by counting the
annual rings on the stumps. Average tree characteristics are
presented in Table 1.

Table 1. Characteristics of red pine sample trees.

Stand
Natural
Plantation 1
Plantation 2

Age(yr)
73
69
52

Characteristic
Total
Dbh (in.) Height (ft)
10.7
12.5
9.8

61.0
77.6
61.3

Height to base
of live crown (ft)
39.8
48.2
41.2
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Sample Preparation and Testing
The bolts were taken to the University of Maine College of
Forest Resources sawmill, where a 2-inch-wide flitch, centered on
the pith, was cut from each bolt. A clear diameter section, at least
2Vi inches high and extending entirely across the flitch, was selected
as close to original breast height as possible. Each diameter section
was cut into two radial sections along the pith, and each of the radial
sections was machined to 1/8-inch thickness.
Microbending specimens (Bendtsen and Senft 1986; Wolcott et
al. 1986, 1987) were cut from each radial section from the pith
outward. Each specimen was 214 inches long, contained one or more
growth rings, and was at least 1/8 inch wide. Successive microbending
specimens were separated by one growth ring to ensure that as little
earlywood or latewood as possible was lost from the test specimens.
The sample material was maintained in the green condition before
testing.
The microbending specimens were evaluated for MOR and
MOE in the green moisture content condition using a table-top
Instron universal testing machine. They were tested in flexure,
where each specimen is supported at each end and loaded at midspan. The SG of each specimen was calculated from the green
dimensions, measured before testing, and the oven dry weight,
determined after testing was completed. Growth rate-age profiles
for each stand were determined.
Analytical Procedures
Segmented regression analysis was used to estimate the age at
which the mature period began for each of the three properties in
each stand. The age at which the mature period begins was termed
the point of maturity (POM) (Wolcott et al. 1987). This is the age at
which wood property values no longer continue to increase with age.
The data sets for each property were separated into approximate juvenile and mature phases by visual estimation. Two regression segments were fit to each property-age data set. A segment
having zero slope was fit to data from the mature period. Tests were
first performed on the lines fit to the mature data sets, to ensure that
the actual slopes were not significantly (P^ 0.05) different from zero.
The slope of the line through data from the juvenile period was
significantly different (P^O.01) from zero in all cases. The segments
were chosen to minimize the total residual sum of squares. The
intersection of the two segments was taken as an estimate of the
POM. In some instances, wood property values were either high

5

6

Maine Agricultural Experiment Station Technical Bulletin 149

near the pith, decreased, and then increased, or remained relatively
constant with age during the early years, and then increased with
age. Where this occurred, the juvenile phase data set used in the
analysis was taken to begin at the age where property values began
to increase with age.
Analysis of variance was used to test for differences in juvenile
and mature wood properties among stands. Where a significant
difference existed, the Ryan-Einot-Gabriel-Welsch multiple range
test at P^O.05 was used to determine which stands were significantly different.
Multiple regression analysis was used to test the effects of
stand, individual tree, radius, age, and ring width, and their
interactions on wood property values during both the juvenile and
mature periods.
The data for each property were averaged by 5-year intervals
to reconcile some of the variation among the individual data points
and to make the wood property-age relationships easier to visualize.
The 5-year averages are presented graphically.
Area-weighted cross section wood property values were calculated by 5-year intervals using the 5-year average property values
determined above. The mean radial growth was calculated for the
corresponding 5-year periods. These averages are also presented
graphically.
The amount of variability in MOR and MOE accounted for by
SG was determined for all of the data from each stand and for two
age ranges—less than 15 years and 15 years and greater—within
the data set from each stand. These age ranges were selected
because examination of the data indicated that MOR and MOE
generally increased with age (or remained constant for a short
period) beginning with the youngest samples, whereas there was no
clear relationship between SG and age until about age 15.
Differences that are significant at P^O.05 are termed significant and those significant at P^O.01 are termed highly significant.
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RESULTS AND DISCUSSION
Radial Growth
Radial growth at breast height of all the stands exhibited the
same general pattern—high near the pith with a rather abrupt
decline and then a more gradual decline after about age 20 (Figs. 14). The effect of thinning on radial growth was evident in Plantation
1, where there was a noticeable increase in ring width shortly after
age 20. Plantation 2 displays some indication of an increase in
growth shortly before age 30. Whether or not there was an actual
increase due to thinning is not certain, because the natural stand
exhibits a similar trend at about the same age which was not due to
thinning.
Point of Maturity
The POM for SG differed considerably among the three stands,
being approximately 33 years in Plantation 2, 40 years in the
natural stand, and 45 years in Plantation 1 (Table 2, Figs. 5-8). The
5-year means generally indicate the same POMs as the segmented
regressions. Some of the difference among stands may be due to the
small sample size. In all stands, but especially in the two plantations, the tendency for high specific gravity values at early ages is
clear. A similar trend also has been observed in Norway and Sitka
spruce (Petty et al. 1990), white spruce (Taylor et al. 1982), black
spruce (Shepard—unpublished data), and white pine (Shepard—
unpublished data). It is not evident why this occurs. One reason may
be more compression wood in growth rings near the pith (Zobel
1976). Another reason is that SG of earlywood in rings near the pith
may be exceptionally high and latewood SG low. Megraw (1986)
reported that high earlywood SG in the first seven to 10 rings in
Douglas-fir was responsible for a higher overall specific gravity.

Table 2. Point of maturity (yr) for SG, MOR, and MOE for three
red pine stands.
Stand

SG

Wood Property
MOR

MOE

Natural
Plantation 1
Plantation 2

40
45
33

40
45
33

42
43
36
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Figure 1. Radial growth rate for the natural

stand.

Figure 2. Radial growth rate for Plantation 1.
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Figure 3. Radial growth rate for Plantation 2.

Figure 4. Radial growth rates for the three red pine stands averaged
by 5-year intervals.
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Figure 5. Specific gravity at different ages (rings from pith) for the
natural stand (point of maturity occurs where segmented regression
lines cross).

Figure 6. Specific gravity at different ages (rings from pith) for
Plantation 1 (point of maturity occurs where segmented regression
lines cross).
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Figure 7. Specific gravity at different ages (rings from pith) for
Plantation 2 (point of maturity occurs where segmented regression
lines cross).

Figure 8. Specific gravity for the three red pine stands averaged by
5-year intervals.
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The average red pine POM of 39 years for SG is considerably
longer than the juvenile period reported for the southern pines.
Zobel (1975) reported a juvenile period of 5 to 8 years for slash pine.
Bendtsen and Senft (1986) and Loo et al. (1985) found that the
mature period for SG in loblolly pine begins at about age 13. Saucier
(1989), however, found that both slash and loblolly pine display
similar juvenile periods for SG when planted at the same geographic
location and that this juvenile period may range from 6 to 14 years.
The length of the juvenile period for SG in red pine is similar
to the 30-year period for jack pine (Keith 1988), the 40 years
reported for both white spruce (Wang and Micko 1984) and Douglasfir (Jackson and Megraw 1986; Megraw 1986), and the 40 to 50 years
found for black spruce (Shepard—unpublished data). It is, however,
shorter than the 50 to 70 years reported for red spruce (Wolcott et
al. 1987). Thus, the length of the red pine juvenile period is
apparently more like those of most northern conifers than like those
of the southern pines.
The length of the juvenile period for red pine approximates the
anticipated rotation length on some sites, especially those where
trees have been planted at relatively wide spacings. This implies
that many stands may be harvested at about the age that the trees
begin to produce wood that will provide the maximum pulp yield per
unit volume. In addition, trees removed in thinnings in both
plantations and natural red pine stands will be low in SG (for the
species) and provide lower pulp yields per unit volume of wood than
older trees.
The POM for MOR began at age 39 and for MOE at age 40
(Table 2) (Figs. 9-18). As with SG, the 5-year means and the
segmented regressions generally indicate the same POMs. The
graphs clearly indicate that the high SG values near the pith were
not accompanied by high values of MOR and MOE.
It is important to note that there was little difference in POMs
within a stand. This is in contrast to what has been reported for some
species and in general agreement with what has been found for
others. Wolcott et al. (1987) reported that MOE may reach the POM
as much as 20 years before SG in some red spruce stands. Results
of a study by Wangaard and Zumwalt (1949) indicate that MOE
reached the POM about 20 years before both SG and MOR in
Douglas-fir. Bendtsen and Senft (1986), however, reported no
difference in the POMs of SG, MOR, and MOE for either loblolly
pine or hybrid poplar. Roos et al. (1990) also reported no differences
for trembling aspen.
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The POMs for both MOR and MOE suggest that with rotation
ages of approximately 40 years, many plantations will be harvested
at about the time that they are just beginning to produce wood of
maximum strength. Wood from commercial thinnings will be relatively weak and less suited for structural uses than wood from
mature stands.
It appears reasonable to conclude that (1) the POM for all three
properties ranges from perhaps 30 to 45 years, (2) in any one stand,
the range among POMs is only 2 to 3 years, (3) the POM for a given
property may vary by more than 10 years among stands, and (4)
there are probably not major differences between natural stands
and plantations. It is not possible to state the extent to which
differences in POMs among stands were affected by site and genetic
differences.
Wood Property Values
Some mean juvenile and mature wood property values differed
significantly among stands, but there were no pronounced trends
for either period (Table 3). Juvenile wood SG of Plantation 2 was
significantly less than that of both of the other stands, whereas both
MOR and MOE of Plantation 1 were significantly greater than in
the other stands. Differences in mature wood SG were not significant among stands, but both plantations had significantly higher
MOR and MOE values than the natural stand. It is clear from these
results that wood properties of the two plantations were not inferior
to those of the natural stand.

Table 3.

MeanjuvenileandmaturewoodvaluesforSG,MOR,andMOEfor
three red pine stands.
Wood Property1

Stand
Juv.
Natural
0.383a
Plantation 1 0.384a
Plantation 2 0.334b

Mat.

% DifT.J

Juv.

0.450a
0.447a
0.445a

17
16
33

4134a
5183b
3796a

MORfpsil
Mat.
% DifT.
6548a
7883b
7417b

58
52
95

Juv,
493700a
619492b
492228a

•Means followed by the same letter are not significantly different (P==0.05).
"Percentage by which mature wood value exceeds juvenile wood value.

MOE (B6i)
Mat.
%Diff.
920142a
1097754b
1023707b

86
77
108
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Figure 9. Modulus of rupture at different ages (rings from pith) for
the natural stand (point of maturity occurs where segmented
regression lines cross).

Figure 10. Modulus of rupture at different ages (rings from pith) for
Plantation 1 (point of maturity occurs where segmented regression
lines cross).
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Figure 11. Modulusof rupture at different ages (rings from pith) for
Plantation 2 (point of maturity occurs where segmented regression
lines cross).

Figure 12. Modulus of rupture for the three red pine stands averaged
by 5-year intervals.
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Figure 13. Modulus of elasticity at different ages (rings from pith)
for the natural stand (point of maturity occurs where segmented
regression lines cross).

Figure 14. Modulus of elasticity at different ages (rings from pith)
for Plantation 1 (point of maturity occurs where segmented regression
lines cross).
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Figure 15. Modulus of elasticity at different ages (rings from pith)
for Plantation 2 (point ofmaturity occurs where segmented regression
lines cross).

Figure 16. Modulus of elasticity for the three red pine
averaged by 5-year intervals.

stands
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Average mature wood values of SG ranged from 16% to 33%
higher than the mean juvenile wood SG values (Table 3). For MOR
and MOE the ranges were 52% to 95% and 77% to 108%, respectively
(Table 3). It is evident that the change in both MOR and MOE with
age was more pronounced than the change in SG. The average 22%
difference between SG in juvenile and mature wood found here is
close to the 25% higher mature wood value reported by Bendtsen
and Senft (1986) for loblolly pine, although the actual red pine mean
SG values are considerably less than those for loblolly pine. Partly
because of the marked tendency for high SG values near the pith,
a comparison of early juvenile wood SG with mature wood SG
revealed an increase of only 25%, less than the 40% difference for
loblolly pine reported by Bendtsen and Senft (1986). Relative
differences between juvenile and mature wood values of both MOR
and MOE were also much less than those reported by Bendtsen and
Senft (1986), but substantially larger than the differences reported
by Wolcott et al. (1987) for red spruce and those found by Shepard
(1990—unpublished data) for black spruce.
Area-Weighted Cross Section Wood Property Values
The cross section wood property values, based on the 5-year
averages, were below the actual 5-year average property values at
all ages, with the exception of the MOR and MOE values at age 8 in
the natural stand, the MOR value at age 8 in the natural stand, and
the SG values at ages 8 and 13 in Plantation 2 (Figs. 17-19). In
contrast to the actual mean property values, which fluctuated
around a constant value during the mature period, area-weighted
cross section values increased in almost a straight line with age due
to the additional growth that continued to occur during the mature
period. The curves in Figures 17-19 end 5 years earlier than those
in Figures 4,8,12, and 16 because the last 5-year values would have
been the product of two means, each based on only a few data points.
It was felt that these values may not have been representative.
The relative increases in area-weighted cross section wood
property values that occurred following the end of the juvenile
period are presented in Table 4. These increases are related to both
the wood property values and the growth rate during the mature
period, as well as the growth rate and wood property-age relationships during the juvenile period. It is clear, given the trend of the
data, that the values of the three properties studied may continue
to increase as trees become older.

Maine Agricultural Experiment Station Technical Bulletin 149
Table 4. Percentage increases in area-weighted cross section wood
property values at breast height between the beginning
of the mature period and the time of harvest for three
red pine stands.
Stand

SG

Wood Property
MOR

MOE

Natural
Plantation 1
Plantation 2

5.8
6.7
3.4

17.0
16.4
8.9

21.0
11.9
12.6

Growth rates in all the stands during the mature period were
slow. More rapid growth rates during that period would have led to
higher cross section property values at any given age during the
mature period than those observed. This and results presented
earlier indicate that the average wood property value of a tree or a
cross section at some height in the tree is a function of both growth
rate and age. Fast growth in itself is not detrimental to wood
properties. Trees with rapid growth frequently have poorer wood
properties than slower growing trees of the same size because the
former are younger, not because poorer wood quality is inherently
associated with rapid growth. Rapid growth is not detrimental to
wood properties so long as the trees are allowed to grow for a long
enough time into the mature period. It is becoming increasingly
evident, however, that the length of the juvenile period and the
anticipated rotation ages for many northern conifer stands, including red pine, under intensive management are not substantially
different.
Variables Affecting Wood Properties
The wood properties studied were affected by a number of
variables, with the effects of these variables being more numerous
and pronounced during the juvenile period than during the mature
period (Tables 5 and 6). The more important variables affecting
wood properties are discussed below.

19
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Figure 17. Area-weighted specific gravity for the three red pine
stands averaged by 5-year intervals.

Figure 18. Area-weighted modulus of rupture for the three red pine
stands averaged by 5-year intervals.
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Figure 19. Area-weighted modulus of elasticity for the three red pine
stands averaged by 5-year intervals.

Table 5. Variables affecting wood properties during the juvenile
period for three red pine stands.
Variable

SG

Stand
Tree
Age
Stand x Tree
Tree x Radius
Age x Ring Width
Age x Ring Width x Tree

*»

•Significant at P^O.05
••Significant at P^O.01

**
**
**

Wood Property
MOR

MOE

**
**
**
**
**

**
*
**
**
**

**

22
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Table 6. Variables affecting wood properties during the mature
period for three red pine stands.
Variable

SG

Stand
Ring Width
Stand x Tree
Tree x Radius

*
**

Wood Property
MOR

MOE

**

•

**
**

•Significant at P^O.05
••Significant at P^O.Ol

1.

Stand
As described previously, all wood properties differed significantly among stands during the juvenile period, and both
MOR and MOE differed among stands during the mature
period. The variable "stand" includes both the genetic characteristics of the trees and the physical characteristics of the
site. It is not possible to state whether genetics or site was
more important in controlling wood property values and the
length of the juvenile period.

2.

Individual tree
The effect of the individual tree on wood properties was
smaller than might have been expected, considering the
variability in values of a given property from one tree to
another. The effect of individual tree on MOR was highly
significant during the juvenile period, and on MOE, the effect
was significant. None of the properties was affected by individual tree during the mature period. These results suggest
that there may be less tree-to-tree variability in red pine
stands than in red spruce stands, and possibly stands of other
species as well. Wolcott (1985) found the effect of individual
tree to be significant on all the wood properties of red spruce
during both the juvenile and mature periods in both of the
stands he studied, with the exception of MOE during the
mature period in one of the two stands.
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3.

Age
The effect of age was highly significant during the juvenile
period, but not during the mature period. This might be
expected because the wood property values increased with
age during the juvenile period and tended to level off once the
mature period was reached.

4.

Ring width
Ring width was significant only for SG during the mature
period. Once the effects of age have been taken into account,
ring width normally proves to be not significant. In this
instance, the influence of ring width on SG is, in all likelihood,
not exerted simply through the absolute ring width, but
rather through some characteristic of the wood that is associated with ring width and that changes as ring width changes.
This could include the ratio of early wood to latewood or those
characteristics of individual cells that control the ratio of cell
wall area to total cross-sectional area.

5.

Interactions
Stand x tree and tree x radius were the two interactions that
had the highest frequency of significance. Stand x tree was
highly significant for MOR and MOE in the juvenile period
and for SG and MOR in the mature period. Although not
significant for SG at P^O.05, the stand x tree interaction was
significant for SG at P^O.052 in the juvenile period and at
P^O.077 for MOE in the mature period.
A significant stand x tree interaction suggests that the variability among trees differed from one stand to another. Thus,
although individual tree differences were only significant for
MOR and MOE in the juvenile period, the highly significant
stand x tree interactions for SG and MOR in the mature period
indicate that differences among trees were not the same
among all stands. Also, where individual tree differences were
significant, the size of the differences varied among stands.
Although radius was not a significant variable, which means
that differences between tree radii were not significant, the
tree x radius interaction was highly significant for all properties in the juvenile period and for MOE in the mature period.
Therefore, the differences that did exist between radii for
those properties were not the same in all stands.
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Mechanical Properties - Specific Gravity Relationships
For each of the three entire data sets, there was a strong
relationship between the strength properties and SG. SG accounted
for 73% to 82% of the variation in MOR and 67% to 70% of the
variation in MOE (Table 7). SG thus appears to be a good predictor
of both MOR and MOE in red pine.
A vastly different picture emerged when each of the data sets
was separated into two parts, less than 15 years and 15 years and
greater (Table 7). During the period from age 1 through age 14, SG
accounted for relatively little of the variation in MOR (23%) and
MOE (14%). SG tended to be high near the pith, decreased, and then
increased, whereas MOR and MOE generally increased from the
pith or did not change for several years and then increased (Plantation 2). This led to low r2 values for the SG-MOR and MOE
relationships. Thus, SG is a better predictor of MOR and MOE after
age 15 than it is prior to age 15. However, because during the 1
through 14 age period, SG, MOR, and MOE values were low in
comparison to values for much of the remainder of each data set, the
coefficients of determination for each of the entire data sets were
higher, with one exception, than the coefficients for that portion of
each data set beginning at age 15.

Table 7. Coefficients of determination for MOR and MOE vs SG
for three red pine stands.

Stand

<;15yr
MOR MOE

Age range
2l5vr
MOR MOE

AH ages
MOR MOE

Natural
Plantation 1
Plantation 2

0.22
0.18
0.28

0.74
0.67
0.79

0.82
0.73
0.75

0.14
0.09
0.20

0.64
0.59
0.50

0.68
0.67
0.70
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CONCLUSIONS
The mature period for all three properties began at about age
40. With the shorter rotations that may be attained by planting at
wide spacings, or by thinning early to wide spacings, some stands
may be harvested at about the age when they reach the mature
period. The POM for a given property varied by as much as 12 years
among stands; however, there was little difference in the POM
among properties in a given stand. Mean mature wood values were
90% greater than mean juvenile wood values for MOE, 68% greater
for MOR, and 22% greater for SG. There was no overall trend in
wood property values among stands, although both plantations had
significantly higher mean mature wood MOR and MOE values than
the natural stand. Area-weighted cross section wood property
values at breast height continued to increase with increasing age.
SG appears to be a good predictor of both MOR and MOE in red pine,
although it is a poorer predictor at ages less than 15 years.
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